We have investigated a new micro drug jet injector using laser pulse energy. An infrared laser beam of high energy ($3 J/pulse) is focused inside a driving fluid in a small chamber. The pulse then induces various energy releasing processes, and generates fast microjets through a micronozzle. The elastic membrane of this system plays an important role in transferring mechanical pressure and protecting drug from heat release. In this paper, we offer the sequential images of microjet generation taken by a high speed camera as an evidence of the multiple injections via single pulse. Furthermore, we test the proposed system to penetrate soft animal tissues in order to evaluate its feasibility as an advanced transdermal drug delivery method.
We have investigated a new micro drug jet injector using laser pulse energy. An infrared laser beam of high energy ($3 J/pulse) is focused inside a driving fluid in a small chamber. The pulse then induces various energy releasing processes, and generates fast microjets through a micronozzle. The elastic membrane of this system plays an important role in transferring mechanical pressure and protecting drug from heat release. In this paper, we offer the sequential images of microjet generation taken by a high speed camera as an evidence of the multiple injections via single pulse. Furthermore, we test the proposed system to penetrate soft animal tissues in order to evaluate its feasibility as an advanced transdermal drug delivery method. Drug needle injectors have been the common means by which vaccines and protein therapeutics are transdermally delivered. However, the use of needle injectors have elicited painful reactions, and have also caused infection due to repeated use of needles particularly in under-developed countries. 1 Because of these disadvantages, researchers have endeavored to developing alternative methods for drug delivery. New methods incorporating liquid jet injections have been developed; 2 however, liquid jet has not succeeded in replacing needle based injectors yet. Despite the fact that jet injection can alleviate patients' aversion to needles, it has not gained much popularity for the following reasons: i) it is still reported to be painful, ii) it is not stabilized in control, and iii) the risk of cross-contamination due to back splash is still prevalent. 3, 4 Therefore, in order to release the stronghold that needle injection has on the drug delivery domain, methods such as jet injection must make a major breakthrough.
Recently, investigations have been conducted on a method involving biological ballistic drug delivery, which uses a laser pulse that mechanically accelerates drug particles fast enough to penetrate soft human tissue. In our previous paper, we presented a bio-ballistic microparticle accelerator in which laser pulse energy is converted into the kinetic energy of micro drug particles. 5 As an extension of the development of a biological ballistic device for drug delivery, we have investigated a liquid microjet injector using a laser pulse as its energy source. 6 Microjet injection has been considered an alternative to the current state of jet injection for minimizing the jet diameter and injection volume, and the precise control of the penetration depth. A conventional drug jet may possess a volume in the range of 30 to 100 microliters, while the proposed microjet maintains a volume of a few hundreds of microliter, preventing back splash of interstitial liquid and delivering the same amount of drug by concentration change or multiple injections. This back splash is mainly caused by a large injected jet volume and is responsible for cross-contamination. Furthermore, the small amount of liquid transdermally injected with a microjet enables precise targeting of the epidermis above the pain sensory, effectively avoiding nerves that spread under the epidermis. The deposited drug materials instantaneously diffuse into the target spot. In other words, the precise accumulation of micro drug jets at the epidermis (200-400 lm) will facilitate a painless and efficient transdermal drug delivery. 6 Additionally, multiple shots would allow a practitioner to locate a drug on the target tissue without pain and subsequently deliver the remaining dose at that target location. Our previous device demonstrated fast micro liquid jet injection for drug delivery. 7 Difficulties encountered during the initial investigations involved the damaging of the chamber seal and the melting of the elastic membrane, both of which were caused by the high pulse energy. However, our second generation injector successfully overcame these difficulties. The improved chamber design and the elastic silicon membrane endure the high pulse energy input without causing the elastic membrane to melt, and completely confines the driving fluid. This study presents experimental evidence substantiating that our new injector is an efficient device for drug delivery.
II. PRINCIPLE AND EXPERIMENT
When a nanosecond laser pulse is focused in distilled water, a plasma with high temperature and pressure is created. The surrounding liquid is compressed and begins to flow radially outward. Thus, the first shock wave propagates (2011) through the liquid. Upon the breakdown of water, bubbles are generated and expanded during the isothermal expansion, followed by the secondary shock wave as the bubbles implode. As shown in Fig. 1 , the Q-Switched Nd-YAG laser system (Powerlite Precision II Plus, 1064 nm wavelength) with 35 mJ and the pulse duration of 10 ns is used for the formation of a bubble, and it is focused into distilled water in the test chamber (diameter 114 mm, height 320 mm) by a set of three lenses; one bi-concave lens with by a set of three lenses; one bi-concave lens with
/pulse, 3 ns pulse duration), which is aligned parallel to the sample target and perpendicular to the main beam, is irradiated at several nanoseconds following the main laser. The beam is forced to expand and collimate through a bi-concave lens and a planar-convex lens in order to cover the entire test section. The experiment is conducted under normal room temperature (293 K) and pressure (10 2 kPa). Figure 2 shows a sequence of growth and collapse of a laser induced bubble.
We have adopted these shockwaves and explosive bubble expansion induced by laser irradiation as power sources of creating microjets. Figure 3 illustrates the mechanism of microjets generation by this method. A laser pulse focuses on the driving fluid within a chamber through a transparent confining material. The pulse then induces various energy releasing processes. Firstly, a laser ablation induced shockwave propagates toward the nozzle exit, driving the liquid drug inside of the nozzle to flow out in the form of a microjet. Secondly, an explosive growth of bubbles caused by an optical breakdown in the driving fluid produces a considerable volume change within the chamber, thus deforming the thin elastic membrane. The elastic membrane acts as a piston and pushes the drug contents inside the nozzle to flow out again while it minimizes drug damage by heat transfer from the focal spot, due to its low heat conductivity. Afterwards, the propagation of the second shockwave, which is induced by a collapse of the bubbles, generates another microjet.
In the experiment, the irradiance of the 1064 nm beam was directed to concentrate on the center of the cylindrical chamber (Stainless steel, 10 mm of diameter, and 10 mm of height) through the same optical setup as above. We used a BK7 glass (5 mm of thickness) as the confining transparent material. The nozzle was fabricated from tungsten carbide with 15 mm of outer diameter, 5 mm of inner diameter, 39 of inner taper angle, 4 mm of height, and 0.98 mm of exit hole. The small nozzle diameter facilitated an effect in which the surface tension and the interactive force between the liquid and the nozzle surface material trapped the liquid inside the nozzle when there was no external pressure. In addition, the nozzle was connected to a reservoir that fed the liquid drug to the system and recharged the nozzle after each shot. After an injection was completed, the elongated elastic membrane, which was fabricated from a silicon rubber (0.2 mm of thickness, 1.15 of specific gravity, 50 of hardness shore, 93 kgf/cm 2 of tensile strength, 489% of elongation, and 30 kgf/cm tear strength), recovered its original planar shape as the bubbles collapsed.
In order to visualize evolution of microjet, we took time-resolved images of microjet generation and evolution of water using a high speed camera (Ultima APX-RS, maximum 250 000 fps) as shown in Fig. 3 . We filled 5% weight ratio of salt-water solution in the chamber, because a number of ions could help to enhance the efficiency of plasma production. Distilled water was filled in the nozzle.
To prove its practicality as a drug delivery device, we prepared a gelatin-water solution with 5% weight ratio as the target replicating a soft biological tissue; this gelatin-water solution was chosen because it possesses a similar Young's modulus as tissue. 8, 9 Also, commercially available fatty pork
The sequential images of a bubble induced by a laser pulse with 35 mJ. The bubble reached its maximum radius of about 0.5 mm at 50 ls, and it collapsed at 95 ls.
FIG. 3. (Color online)
Illustration of the sequential mechanisms of the laser based microjet generation. The first shockwave, which propagates toward the nozzle end, drives the first microjet. Then, an explosive growth of vapor bubbles, which is triggered by the optical breakdown in water, causes elastic deformation of membrane, pushing the second microjet. Afterwards, another shockwave is induced by a bubble collapse with the third microjet injected.
tissue was taken as the target. We injected water-based black ink in the target at room temperature. After the injections were made, the treated pork fat was frozen at À20 degrees for 30 mins and sliced for cross-sectional observation. Figure 4 shows evolution of microjet driven by 314 mJ of a laser pulse energy. From the pictures of the early stage ($40 ls), we could investigate a slow microjet ($25 m/s) forming from the nozzle exit. Before its leading edge reaches 1 mm from the nozzle end, the very fast second microjet, of which averaged velocity before it broke up was about 230 m/s, overlapped the first one ($80 ls). The first slow microjet was caused by the propagation of the first shock wave due to the optical breakdown of water in the chamber, but it was soon overtaken by the second one due to rapid bubble expansion in the chamber. After about 200 ls when the second microjet appeared, the third microjet started to emerge from the nozzle end. Its velocity was about 25 m/s, which was similar value to that of the first one, so we deduce that it was driven by the second shock wave due to the bubble collapse. Afterwards, it took about 1.8 ms that the system was stabilized as such the system was ready to send another pulse. Figure 5 shows the deposited water-based black ink inside the pork fat using pulse energy of 3 J. The diameter of the penetrated hole was measured to be about 150 lm, and the penetrated depth and width were about 750 and 100 lm, respectively. The penetration depth was over the objective range of the epidermis at 200-400 lm; and, the penetration width was satisfactorily narrow, within 100 lm. These are promising results substantiating our claim that the microjet injector can be used as a successful drug delivery system, regardless of the differences existing between the target pork tissue and living tissue.
III. EXPERIMENTAL RESULTS AND DISCUSSION

IV. CONCLUSION
High energy of nanosecond infrared laser beam generates shock waves and explosively expanding bubbles inside the chamber. The resulting pressure distribution induces three microjets. Among them, the second microjet due to the bubble growth is faster and much elongated than others, such that majority of penetration and drug delivery is done through this jet. This strong jet has also helped the following one to be delivered with ease by forming a predrilled hole for easier delivery of drugs. A new and improved microjet drug delivery scheme has been verified through visualization of the microjet generation with a high-speed camera and deposition of distilled water into pork fat tissue. The experimental results show good agreement with the claim on the mechanism of microjet generation. On-going integrating effort is aimed at minimizing the laser energy while maintaining precise depth control of the drug dose into the deeper skin layer.
